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I. INTRODUCTION
T HE exponential development of mobile communications and the congestion in spectrum allocation, has led to the expectation that wireless systems will move to higher frequencies, and thus the ongoing exploration into millimeter-wave over fiber systems. A number of experimental demonstrations of millimeter-wave over fiber systems using recent standards such as worldwide interoperability for microwave access (WiMAX) IEEE 802.16 [1] and IEEE 802. 15 .3c (pre-standard millimeter-wave based wireless personal area network-WPAN) [2] have been performed by different research groups. This shift of wireless systems towards millimeter-wave frequencies leads to smaller cell sizes (pico cells), requiring a large number of remote antenna units (RAU) to be deployed for a given coverage area. Then millimeter-wave over fiber systems offer the benefits of high system capacity and low loss of optical fibers, with the requirement of compact and low-cost RAUs, possible if the signal processing functions can be concentrated at a central unit (CU) [3] .
To date a number of schemes have been proposed and experimentally demonstrated by different research groups [4] - [8] . Among them, the dual wavelength scheme is promising as it provides a simple system, offers good flexibility in the carrier frequency generation, independent of the data modulation, and does not need a high speed data modulator [8] . The dual wavelength source can be setup as a mode-locked laser [9] or by externally modulating the laser [8] . The appropriate sidebands, or wavelengths, for the millimeter-wave generation can be selected by bias tuning, with [8] or without optical filtering [1] .
Transmission of high multi-Gb/s data rates through millimeter-wave over fiber links has been a topic of interest for many researchers [10] - [14] . However in these reported experiments, the spectrum efficiency (b/s/Hz) is typically low as simple modulation schemes, such as ASK have commonly been used. The carrier frequency is shifted to the millimeter-wave band since more bandwidth is available; however, in the future it is likely that even millimeter-wave spectrum will need to be used efficiently. All the aforementioned systems incorporated a wireless path in their experiments. However, the wireless coverage was only for point to point links over a specific distance.
We have previously reported the use of an optical phase modulator in conjunction with thin film dense wavelength division multiplexing (DWDM) de-multiplexing filter to generate the dual wavelength source. The significance of this filtering technique is that it offers the possibility of generating a continuum of frequencies [8] . We have illustrated the millimeter-wave over fiber downlink performance by transmitting multilevel modulated signals at 60 GHz up to 36 Mbps [15] and at 25 GHz up to 240 Mbps for single carrier modulation and 54 Mbps for orthogonal frequency-division multiplexing (OFDM)-using an emulated wireless local area network (WLAN) IEEE 802.11 g signal [16] . The IF data signal is applied to the dual wavelength source by means of a Mach-Zehnder modulator (MZM), as in many other radio over fiber systems, e.g., [17] . We also did a stability test on our system over a measurement period of four hours during which time the system was stable [16] .
The work presented here focuses on lower bit-rates (up to 120 Mbps) than others have recently achieved [10] - [14] , but higher b/s/Hz efficiency-thus different millimeter-wave channels can be used for different systems. Additionally, an OFDM signal was applied to the millimeter-wave over fiber system, as this can allow for dynamic capacity allocation through orthogonal frequency-division multiple access (OFDMA). In this paper, we aim to transmit from the RAU and receive at the mobile unit (MU) different multilevel modulation signals following the IEEE 802.16 (WiMAX) standard [18] , and WLAN 802.11 g [19] using error vector magnitude (EVM) as the measure of performance. Note that for operational frequencies from 10-66 GHz in the 802.16-2009 standards [18] , the WirelessMAN-SC PHY is based on single-carrier modulation. An analysis of two different transportation methods using dual wavelength source have been carried out. One of the transportation methods is the dual wavelength modulation in which both the wavelengths are modulated. The second transportation method is the single wavelength modulation in which only one of the wavelengths is modulated and then recombined with the un-modulated wavelength. It is the first time we present results for the single wavelength modulation system. Slightly different transportation schemes have been presented by other researchers in [20] , [21] , where a single wavelength is launched in to the MZM and modulated by an IF signal. Optical filters were used to select the carrier and one of the sidebands. Works have been carried out by other researchers, in terms of analyzing the radio over fiber [22] , [23] /millimeter-wave over fiber [24] , system performance against noise [22] , and nonlinearity [22] - [24] . The analysis is done for both back-to-back systems (no fiber, or fiber patchcords only) [24] and over different lengths of single mode fiber (SMF) [22] , [23] . All systems used EVM/BER as a measure of system performance, except [23] which used adjacent channel power ratio (ACPR). In [22] , the major noise source was the laser as no optical amplifier was used. Here, we demonstrate a millimeter-wave over fiber system by means of experiments and analyze the limitations of its performance. An analysis using simulations is used to investigate the impact of MZM and RF amplifier nonlinearity and various noises -i.e relative intensity noise (RIN), erbium doped fiber amplifier (EDFA) amplified spontaneous emission (ASE), thermal, and shot noise-on the system performance. The non-linear transfer functions of the MZM and RF amplifier cause distortion to the data signals thus degrading the signal quality. Finally, we present results for realistic system operation-over whole coverage areas and not just for point-to-point links over a specific distance. The experimental setup of the proposed system is described in more detail in Section II, whilst measurement results are reported in Section III which also shows a comparison of the experimental, measured results with the simulation results (from VPI TransmissionMaker™) for the proposed millimeter-wave over fiber downlink system. This is followed by Conclusions in Section IV.
II. EXPERIMENTAL SETUP The downlink experimental setup for optical millimeter-wave generation using the coherent dual wavelength source and data modulation of single wavelength or dual wavelengths is shown in Fig. 1 . A Vector Signal Generator (VSG) was used to emulate the IEEE 802.16 modulation schemes [18] , and WLAN 802.11 g at 54 Mbps [19] at an intermediate frequency (IF) of 1.848 GHz. The modulation schemes specified in the IEEE 802.16 standard [18] consist of quadrature phase-shift keying (QPSK), 16 QAM, and 64 QAM schemes. A Nyquist square-root raised cosine pulse-shaping filter with a roll-off factor of 0.25 was used.
A continuous wave lightwave of power , was generated by a tunable laser, an external cavity laser (ECL) at optical angular frequency . The optical millimeter-wave was generated using an optical phase modulator (PM) along with a DWDM de-multiplexing filter. The PM was driven by a 23.152 GHz RF signal (angular frequency, ). The optical power in the desired optical sidebands is maximized by adjusting the power level of the RF drive signal to the PM. The phase modulated signal can be expressed as (1) where is the amplitude of the light source, is the modulation index of the phase modulator and is the Bessel function of the first kind of order . In our case, the power in each of the first-order sidebands is made equal to that in the carrier. The carrier and the upper first-order sideband are selected by a 25 GHz spacing DWDM de-multiplexing filter and polarization aligned by polarization controllers to generate a coherent dual wavelength source, as shown in Fig. 1 as inset (a) . The port-to-port insertion loss of the DWDM de-multiplexing filter per channel is approximately 6 dB.
The mathematical expression for the optical signal after the DWDM de-multiplexing filter which is shown as inset (a) in Fig. 1 can be expressed as (2) where is the modulation index of the phase modulator when the power on the first order sidebands is made equal to that in the carrier.
The optical signal for the single wavelength modulation at the input of the EDFA shown as inset (b) in Fig. 1 can be expressed as (3) where is the modulation index of the MZM and is the angular frequency of the IF data signal applied to the MZM.
The optical signal for the dual wavelength modulation at the input of the EDFA shown as inset (c) in Fig. 1 can be expressed as (4) The data modulation was applied either to one (single) or to both (dual) wavelengths. For single wavelength modulation, the data modulated carrier and the un-modulated upper first order sideband are coupled together using a 3 dB optical coupler. For dual wavelength modulation, both the carrier and the upper first order sideband are data modulated after the 3 dB optical coupler. The optical spectra arising from single and dual wavelength modulation are shown in Fig. 1 as inset (b) and (c) respectively. Different millimeter-wave frequencies can easily be generated using this filtering technique [8] .
The IF data signals (QPSK, 16 QAM, 64 QAM, 256 QAM and WLAN 802.11 g) were applied to the MZM biased at its quadrature point-the fundamental detected RF signal at the photodiode receiver was maximised. The of MZM was 5 V. The input optical power to the EDFA measured on a power meter was around and for single and dual wavelength respectively. The ECL optical power was and this shows that the optical loss of the millimeter-wave generation technique with the MZM insertion loss (7 dB) was 18.5 dB and 25.5 dB for single and dual wavelength respectively. This is the typical loss in milllimeter-wave generation techniques using sideband filtering [25] . The modulated optical sidebands are amplified by an EDFA and filtered by an optical DWDM filter of 50 GHz channel spacing to reduce the Amplified Spontaneous Emission (ASE) noise.
The filtered signal is fed into a SMF of 20 km length and terminated by a 65 GHz photodiode (PD) with a responsivity of 0.5 A/W, where the optical signal is converted back to RF. The generated photocurrent .of the single wavelength modulation can be written as (5) where is the (frequency dependent) responsivity of the photodiode and is the output optical signal of the single wavelength modulation. This assumes that the EDFA compensates for filtering and fiber transmission loss, and neglect noise, for simplicity. There will be a similar formulation for generated photocurrent of the dual wavelength modulation. The detected photocurrent for single wavelength modulation at inset (d) in Fig. 1 can be expanded as (6) The detected photocurrent for dual wavelength modulation at inset (d) in Fig. 1 can be expanded as (7) In this paper the term involving generates the 25 GHz data signal which is selected using an electrical band pass filter. The RAU consists of a PD, bandpass filter (BPF), low-noise amplifier (A1), and power amplifier (A2) and a directional horn antenna of gain 20 dBi, which emits the millimeter-wave signal wirelessly to the MU as depicted in Fig. 1 . Quite high antenna gain is also achievable with other configurations (omni-directional antenna in the horizontal plane), which are suitable for providing full coverage, as some of our other work has shown [26] . The MU has a directional horn antenna of gain 20 dBi, a low-noise amplifier (A3) and an Agilent Vector Signal Analyzer (VSA). The VSA consists of an Agilent PSA series spectrum analyzer connected to a laptop with Agilent VSA software for EVM measurements. The VSA has the capability of measuring signals with frequencies up to 26.5 GHz.
III. MEASUREMENT RESULTS

A. Phase Noise of Generated Millimeter-Wave Signal
The phase noise of the generated millimeter-wave signal can degrade data modulated signals. For this reason it is im- portant that the beating of the optical sidebands of the phase modulated signal (dual wavelength source) produces a high quality millimeter-wave signal [8] , [27] . A phase noise of at 100 kHz offset from the carrier (23.152 GHz) was measured when no data modulation was applied to the MZM and the performance did not degrade after transmission through 20 km length of SMF. There may be slower phase drift as a result of the fiber transmission, but this is corrected in typical multi-level signal demodulation schemes.
B. EVM Requirements
The minimum EVM requirements in the frequency range of 10-66 GHz, for an IEEE 802.16-2009 standard [18] base-station transmitter is shown in Table I . There are three symbol rates (16, 20 , and 22.4 MSps) specified in the IEEE 802.16 standard. The performance of the proposed system was studied for a symbol rate 20 MSps. However, the proposed system configuration can support higher symbol rates [16] and multiple users by simultaneously transmitting many such channels [28] , as we have demonstrated previously.
C. Experimental Results of Downlink Performance for Dual and Single Wavelength Data Modulation
The quality of the generated data modulated millimeter-wave signal was checked using root mean square (rms) EVM measurements for different input power levels. Note an equalizer was used to remove the effect of the source channel impairment to improve the signal quality of the source. The rms EVM (over 1000 symbols) and signal power averaged over five sets of 100 such measurements for the proposed system was recorded at the VSA, using a macro program. Thus, the mean rms EVM was calculated from all 500 rms EVM readings. Note a symbol rate of 20 MSps was used instead of higher symbol rates (30 MSps) possible in the experiment because of limitations with the simulations. For higher symbol rates, the simulation required a longer time window to gain enough data points, which could not be achieved due to insufficient computation resources.
In single wavelength modulation, only one of the wavelengths experiences MZM insertion loss (7 dB) in contrast to the dual wavelength modulation. Hence, the total optical power at the input of the EDFA is 7 dB higher in the single compared to the dual wavelength modulation technique. In order to prevent damage to the PD the output optical power of the EDFA was attenuated by 1 dB in single wavelength modulation. In dual wavelength modulation, no optical attenuators were used before the PD. Fig. 2(a) and 2(b) shows the average rms EVM of single carrier QAM at a symbol rate of 20 MSps, for different input IF drive power levels to the MZM for dual wavelength modulation. Two different configurations: back-to-back ( Fig. 2(a) ) and after a 20 km length of SMF (Fig. 2(b) ) are shown. The power shown in Fig. 2(a) and 2(b) is the power level of the modulated millimeter-wave signal (64 QAM) at the input of the transmitter antenna. The measured average rms EVM of the WLAN 802.11 g (54 Mbps) OFDM signal is also shown in Fig. 2(a) and 2(b) . Fig. 3(a) and 3(b) shows the average rms EVM of single carrier QAM at a symbol rate of 20 MSps, for different input IF drive power levels to the MZM, for singe wavelength modulation. EVM results are for the two different configurations: back-to-back ( Fig. 3(a) ) and after a 20 km length of SMF (Fig. 3(b) ). The power shown in Fig. 3(a) and 3(b) is the power level of the modulated millimeter-wave signal (64 QAM) at the input of the transmitter antenna.
For comparison, the 802.16 transmitter EVM limits for 16 and 64 QAM levels are also shown in Figs. 2 and 3 . QPSK was within the EVM limit of 12% for all power levels shown (measured) and for both configurations in Fig. 2(a) and (b) . Further experiments were carried out with a slight modification of the emulated 802.16 specifications by increasing the QAM level to 256. As the 802.16 standard does not include 256 QAM, the Digital Video Broadcasting standard's 256 QAM EVM requirement of 2% was used [29] . The EVM limit for 256 QAM is shown in Fig. 3 . Experiments were done with 256 QAM for single wavelength modulation only as it was clear that this system had better performance than the dual wavelength modulation. Multilevel modulation schemes (16, 64 and 256 QAM) and OFDM (WLAN 802.11 g) are sensitive to nonlinear distortions. In practice, when the power of the driving signal to the MZM increases, the nonlinear transfer function of the MZM distorts the signal and degrades the EVM for both single carrier QAM (16, 64 and 256 QAM) and OFDM. However the MZM nonlinearity has much stronger impact on OFDM than on single carrier QAM, due to the multiple subcarriers causing higher peak-to-average power levels and generating more inter-modulation products. In the back-to-back configuration, the EVM degrades more quickly at the higher IF power region compared to the EVM results after transmission through the 20 km SMF. Thus, with the inclusion of the 20 km SMF, the nonlinearity of the system is shifted to the much higher input power region. This input power shift will be explained in Section III-D. 
D. Simulation Results of Downlink Performance for Dual and Single Wavelength Data Modulation
The downlink millimeter-wave over fiber system in the experimental set up was simulated in Virtual Photonics Inc. (VPI) software. A QAM transmitter model was used to generate different multilevel QAM signals and a QAM receiver model was used at the receiver for EVM analysis. The relative intensity noise (RIN) of the ECL and the noise figure of EDFA was measured to be of dB and 5 dB respectively. These measured values are used in the simulation. The Agilent VSA has an input noise of (41.8 dB noise figure) at 25 GHz. Hence, the 41.8 dB noise figure is included as an additional input noise at the QAM receiver model using an electrical amplifier model with its gain and current noise spectral density set to 0 dB and (equivalent to the 41.8 dB noise figure) respectively. The simulation analysis conducted here, investigates the impact of MZM and RF amplifier nonlinearity and various noises (i.e RIN, thermal, EDFA ASE, and shot noise) on the downlink millimeter-wave over fiber system.
In order to focus only on the MZM nonlinearity, no RF amplifiers are included at this stage in the simulation and the noise in all of the components (i.e., RIN, ASE noise, shot and thermal noise,) was deactivated. The MZM was driven at an IF power of to 14 dBm. Fig. 4 shows the simulated EVM results for single carrier 64 QAM at 20 MSps for dual wavelength modulation. When all the noises are deactivated, poor EVM is observed at the higher IF power region due to the MZM nonlinearity. To investigate the noise in the lower IF power region where noise dominates performance, a single noise source was activated at a time. As illustrated in Fig. 4 , the main noise contribution results from the EDFA ASE noise; without the optical amplifier, RINis dominant. The EVM curves shown in Fig. 4 are for the dual wavelength data modulation technique.
Noise was activated in all of the components and a comparison of degradation of EVM by the MZM nonlinearity for different modulation schemes (QPSK, 16 QAM and 64 QAM), at a symbol rate of 20 MSps in back-to-back configuration is shown in Fig. 5 . It is seen that at the higher IF power region, QPSK can handle an additional 4 dB of input power compared to 64 QAM for the same signal-to-noise ratio (SNR). This demonstrates the sensitivity of the higher level modulation schemes (16 QAM and 64 QAM) to nonlinear distortions by the MZM. However at the lower IF power region, the SNR is similar for all the modulation schemes since this region is dominated by noise (as illustrated in Fig. 4) . As the symbol rate is constant (constant bandwidth), the noise power is fixed for all the modulation schemes resulting in similar SNR. Note that at the higher IF power region where the non-linearity of the MZM increases the EVM, the SNR then becomes signal to noise plus interference ratio. The interference aspect is due to the unwanted third order distortion of the MZM interfering with the signal.
The nonlinearity of the RF amplifiers is a very important characteristic that limits the capabilities of the millimeter-wave over fiber system. While RF amplifiers may be essential for the reception of faint signals, strong signals will lead to distortion in the amplifier and/or subsequent components. This dynamic range in the signals is significant in wireless systems, and therefore for radio over fiber systems which have to deal with variable distances between mobile/wireless users. Downlink dynamic range is important to keep the RAU as simple as possible (without power control) and for broadcast/multicast transmissions, as the mobile receivers may be at different distances from the RAU.
Simple polynomial expressions are used to characterize the nonlinear transfer function of the RF amplifiers used in the experimental millimeter-wave over system, in order to predict their impact on the EVM performance. The polynomial expression (AM/AM model) was derived from curve fitting of measured data at 25 GHz. The polynomial expressions for the RF amplifiers A1, A2 and A3 are given in (8)- (10), respectively. The noise figures of dB and dB were used for the RF amplifiers A1 and A2, respectively. The coefficients of the polynomial expressions are determined based upon the measured power levels that the resultant-order term would produce. The polynomial expressions and the coefficients of these RF amplifiers are given in Table III (8) (9) (10) where represents the input amplitude. Fig. 6 (a) and 6(b) shows the simulated and measured EVM results for different IF drive powers to the MZM for dual and single wavelength modulation, respectively. The EVM curves are for single carrier 64 QAM at 20 MSps in back-to-back and 20 km SMF configuration. Note that the VSA noise figure (NF) was not included when obtaining the EVM curves without RF amplifiers in back-to-back configuration (Fig. 6) . It can be observed that in the back-to-back configuration in the absence of RF amplifiers, the MZM nonlinearity dominates at the higher IF power region, causing an increase in the EVM (Fig. 6(a) and 6(b) ). With the inclusion of the RF amplifier, when the signal level is within the linearity limits of the RF amplifier (at the lower IF power region), the EVM is similar to the EVM results without the RF amplifiers. However as the IF drive power increases the RF amplifier nonlinearity rapidly degrades the system, thereby increasing the EVM value. Due to large path loss at millimeter-wave frequencies [32] , RF amplifiers are required to provide sufficient power at the RAU, and this will be explained further in subsection F. Note that the transmitted EVM must be within the specific wireless standards under test transmitter EVM requirements.
In the simulation, for the SMF model, a chromatic dispersion (CD) of 16 ps/nm/km and attenuation (á) of 0.2 dB/km was considered.Note that the EVM curves in Fig. 6 (a) and 6(b) forthe 20 km SMF configuration includesthe RF amplifiers (A1 and A2). For an IF power of to the MZM, for dual wavelength modulation, the EVM increased from 6.8% for the back-to-back configuration to 8.2% for 20 km fiber propagation (Fig. 6(a) ). For single wavelength modulation, the EVM increased from 7.4% to 8.4%. The EVM increase is due to an RF power loss of 9 dB after propagating through the 20 km SMF. In dual wavelength modulation (Fig. 6(a) ), for an IF power of 10 dBm to the MZM, the EVM improved from 5.6% to 2.8% in the 20 km SMF configuration compared to the back-to-back. For the same RF power of 10 dBm in single wavelength modulation (Fig. 6(b) ), the EVM improved from 2.6% (back-to-back) to 1.8% (20 km SMF). Unlike the back-to-back configuration, the RF signal power is now well within the linearity limits of the RF amplifier (A2) in the 20 km SMF configuration causing an improvement in the EVM. The MZM input 1 dB compression point (P1 dB) at 25 GHz was measured as 12 dBm. Thus, the MZM nonlinearity is the limiting factor with the inclusion of 20 km SMF.
In VPI, an OFDM transmitter model was used to emulate the 802.11 g signal and an OFDM receiver model was used at the receiver for EVM analysis. In the simulation, a 64 QAM OFDM with a symbol rate of 10 MSps (data rate 60 Mbps) was used instead of 9 MSps (data rate 54 Mbps) because VPI requires the number of symbols (ratio between the time widow and symbol rate) to be a power of two. A Nyquist square-root raised cosine pulse-shaping filter with a roll-off factor of 0.5 was used. The length of the cyclic prefix was set to 1/8. Fig. 7 shows the simulated and measured EVM results for OFDM (WLAN 802.11 g) in back-to-back and after 20 km SMF configuration for dual wavelength modulation. It can be noticed that when the IF drive power was larger than 0 dBm, the dramatic increase in EVM shows a larger degradation of the system performance for the OFDM signal (Fig. 7) compared to the single carrier QAM signal (Fig. 6(a) ). As example points of comparison, in back-to-back configuration for the single carrier QAM (Fig. 6(a) ) and OFDM (Fig. 7) signals, in the absence of RF amplifiers and with the inclusion of RF amplifiers, points A and B, corresponding to EVM values of 2% and 6% have been indicated in the figures. At these points, the IF drive signal to the MZM for the OFDM was 7 dBm and 3.8 dBm compared to the single carrier QAM signal power levels of 11 dBm and 10 dBm without and with RF amplifiers, respectively. This indicates more stringent electrical power budget for OFDM, even though the OFDM signal (WLAN 802.11 g, 9 MSps) has approximately half the symbol rate compared to the single carrier QAM (20 MSps) . The RF amplifiers at the transmitter are linear only within a limited dynamic range. Due to the OFDM signal's high peak to average ratio (PAPR) [30] , OFDM suffers more from non-linear distortions due to clipping than single carrier QAM. To avoid such distortions, the RF amplifiers have to be operated with large power back-off, but this leads to inefficient use of the amplifiers. However at the lower IF power region, poor EVM is observed for both OFDM and single carrier QAM signal due to reduced SNR, as this region is dominated by noise (as shown in Fig. 4) .
Note that the EVM curves in Fig. 7 for the 20 km SMF configuration includes the RF amplifiers (A1 and A2). At point C (Figs. 6 and 7) for the same EVM of 4%, IF drive signal to the MZM for the OFDM was 9.2 dBm compared to the single carrier QAM signal power level of 13 dBm. This clearly indicates that as with the single carrier QAM case (Fig. 6) , the OFDM (WLAN 802.11 g) transmission is limited by the MZM nonlinearity with the inclusion of 20 km SMF. Fig. 8 shows the comparison of single and dual wavelength modulated EVM results (experimental) for 64 QAM at 20 MSps in back-to-back and after 20 km SMF configurations. The axis is the power level of the generated modulated millimeter-wave signal at the output of the RF amplifiers (at the RAU). The nonlinearity limitations for both the signal and dual wavelength modulated EVM results are caused by the RF amplifiers (at the RAU) and the MZM (at the CU) for the back to back and after the 20 km fiber respectively. This can be observed in Fig. 8 as the back to back EVM increases at a much higher output power compared to the 20 km SMF configuration . The single wavelength modulation has 5 dB lower RF gain and thus a 5 dB higher input drive power is required at the MZM to obtain the same RF output power as the dual wavelength modulation. Note 1 dB optical attenuator was included at the PD input in single wavelength modulation for both back-to-back and after 20 km SMF configurations for protection of the PD in the former. The effect of the higher input RF drive power at the MZM of the single wavelength modulation results in lower EVM values at the lower output power region from to (20 km fiber), to (back to back) than the dual wavelength modulation as shown in Fig. 8 .
E. Comparison of Results for Dual Wavelength and Single Wavelength Modulation
F. Experimental and Simulation Results for Downlink Wireless Path
For the wireless measurements, the input power to the MZM was set to 5 dBm. The RAU transmit power in EIRP (Effective Isotropic Radiated Power) was 31.2 dBm. The frequently used Keenan-Motley path loss model for indoor environments was used in the simulation [31] . Ignoring the effects of transmission loss through walls and floors, the Keenan-Motley equation reduces to the open space path loss equation with a modified path loss exponent [32] (11) where is the frequency of the RF signal (25 GHz) , is the velocity of light, and is the distance between the transmitter (RAU) and the receiver (MU). The path loss exponent is a characteristic of the propagation environment and a value of 3 was used in the simulation After propagating through the wireless path, the signal is received by a 20 dBi horn antenna and a LNA (A3). The inclusion of the RF amplifier at the MU will enable longer wireless distance transmission. However there will be a need to define a minimum distance between RAU and MUs, to prevent overdriving the MU's RF amplifiers. In order to examine the wireless coverage, EVM measurements were carried out at different points over a 12 m range (the maximum wireless range possible in our laboratory), The EVM values (simulated and measured) for single carrier 64 QAM at 20 MSps and WLAN (OFDM) are plotted in Fig. 9(a) and (b) . Note the wireless measurements were done only for dual wavelength modulation. Distance zero corresponds to the EVM at the input of the RAU horn antenna (downlink transmitter). There is a sudden increase in EVM when the MU is 1 m away from the RAU [ Fig. 9(a) and (b) ]. Separate measurements were carried out to confirm that this sudden increase in EVM is from overdriving the RF amplifier (A3) at the MU, as they were not apparent when the input power was reduced. An EVM of 4.7% and 3.2% at 1 m and 12 m wireless distance has been achieved for single carrier 64 QAM, meeting the IEEE 802.16 receiver EVM requirement (Table II) . However for WLAN OFDM [ Fig. 9(b) ], the minimum distance between RAU and MU with an EVM within the standards' requirement is 2 m. An EVM of 3.4% and 2.2% at 2 m and 12 m wireless distance has been achieved for WLAN OFDM meeting the IEEE 802.11 g standard [19] .
IV. CONCLUSION
Successful transmission of emulated multilevel modulated WiMAX signals at 20 MSps and WLAN 802.11 g at 54 Mbps over a 25 GHz millimeter-wave optical and wireless downlink was demonstrated. Both dual and single wavelength modulation techniques were carried out. The measured EVM values match the wireless standards' requirements.
The system performance was studied through simulation and an experimental investigation and the obtained results are in good agreement. As expected, in the lower input RF power region, noise is the limiting factor, of which EDFA ASE noise is the dominant noise in our system. In the higher input RF power region, either amplifier or MZM nonlinearity may dominate, this being closely linked to the RF amplifier gain requirements for wireless coverage. In our system, for the back-to-back configuration, the RF amplifier nonlinearity is the limiting factor. However, with the inclusion of 20 km SMF the signal is within the linearity limits of the RF amplifier and the MZM nonlinearity becomes the limiting factor.
The presented wireless transmission results for the dual wavelength modulation technique are for realistic system operation-over whole wireless coverage areas and not just for point-to-point links over a specific distance. The wireless distance (12 m) was limited by laboratory constraints, but suggests reasonable, picocellular shared office areas can be covered by this type of system. In future work, wireless transmission with the single wavelength modulation scheme will be carried out.
